Naturally occurring defective interfering RNAs (DIRNAs) greatly reduce the accumulation of their helper virus in vivo, but are rarely associated with plant positive-strand RNA viruses. Deletion mutants pRNA-2 M/S and pRNA-2 E/S, derived from brome mosaic virus (BMV) genomic RNA-2, replicated in a manner dependent on BMV RNA-1 and -2, and effectively interfered with their accumulation in barley protoplasts. Based on their mode of replication, these mutant RNAs have been termed parasitic RNAs (pRNAs). When present with RNA-1 and -2 at low inoculum amounts, pRNA-2 M/S and pRNA-2 E/S reduced the level of replication of RNA-2, the parental RNA, by 37 % and 64 %, respectively. Greater amounts of pRNA in the inoculum completely eliminated the replication of both RNA-I and -2. Mutations that prevented translation of truncated proteins from the pRNAs did not affect interference, but those that reduced pRNA replication decreased their ability to interfere with genomic RNA replication. At a molar pRNA: genomic RNA inoculum ratio of 1.5: 1, pRNA-2 E/S reduced the accumulation of all helper virus RNAs by > 60%. This occurred in the presence of wild-type RNA-3 or ASGP RNA-3, a deletion mutant of RNA-3 that lacks the subgenomic promoter necessary for coat protein expression, demonstrating that the interference mediated by the pRNAs was not effected by encapsidation. These data indicate that the expression of pRNAs that function as artificial DIRNAs in transgenic plants may be an approach for inducing resistance to virus infection which is applicable to a wide range of plant viruses.
Introduction
Defective interfering RNAs (DI-RNAs) originate as simple deletion mutants, and acquire more complicated and refined strucures with an increasing number of replication cycles (K~iri/iinen et al., 1987) . They frequently evolve de novo from animal viruses in vivo, or during high titre passage in tissue culture (Perrault, 1981 ; Holland, 1990) . Although DI-RNAs rarely evolve in planta from plant viruses, a DI-RNA of tomato bushy stunt virus (TBSV) has been characterized (Hillman et al., 1985 (Hillman et al., , 1987 Jones et al., 1990) , and DI-RNAs have recently been found associated with cymbidium ringspot virus (Burgyan et al., 1989) and turnip crinkle virus (Li et al., 1989) . Satellite RNAs, whose genomes typically have little obvious sequence homology with the helper virus, are often found in association with plant viruses (Murant & Mayo, 1982; Francki, 1985) . Their presence can either ameliorate or increase the pathological effect of the virus infection.
Both DI-RNAs and satellite RNAs replicate at the expense of, and compete with, the helper virus genome to the extent that, with time, the virus genome becomes virtually undetectable. This property has been exploited in transgenic plants by expressing satellite RNAs from nuclear genes, rendering plants resistant to infection with tobacco ringspot virus (Gerlach et al., 1987) and cucumber mosaic virus (Harrison et al., 1987) . However, the use of satellite RNAs has three limitations: (i) most plant viruses do not have satellite RNAs, (ii) satellite RNAs are contagious agents with efficient packaging mechanisms and, most importantly, (iii) satellite RNAs often aggravate the severity of the symptoms of a virus infection (Murant & Mayo, 1982; Francki, 1985) ; a satellite RNA that alleviates the symptoms in one plant host may aggravate them in another. To circumvent these limitations, we have constructed artificial DIRNAs from brome mosaic virus (BMV), a tripartite positive-strand RNA virus infecting many grass species, including commercially significant cereals such as maize, sorghum, wheat, barley and rice.
Deletion mutants of BMV RNA have been constructed that require helper virus-encoded trans-acting factors for replication. These RNAs do not contribute to essential virus functions and have been termed parasitic RNAs (pRNAs) by Pogue et al. (1990) . Our data show that some pRNAs can mimic DI-RNAs, interfering with the replication of helper virus RNAs. These pRNAs can be used to determine molecular mechanisms of replication, interference and evolution of DI-RNAs. Plasmid constructs and in vitro transcription. The construction of plasmids pT7B 1, pT7B2 and pT7B3, bearing cDNA clones from which infectious full-length wild-type (wt) BMV RNA-1, -2 and -3 can be transcribed in vitro, has been described . Deletion mutations such as pT7B2 AMluI/StuI and pT7B2 AEcoRV/StuI (which yield pRNA-2 M/S and pRNA-2 E/S, respectively) were constructed by digestion of pT7B2 at two unique restriction sites and subsequent digestion with mung bean nuclease to blunt single-stranded overhangs prior to ligation. Deletions were confirmed by restriction enzyme analysis and sequencing. The 3' M4 deletion (Bujarski et al., 1985) was transferred to pT7B2 AMluI/StuI utilizing the HindlII site located 200 nucleotides (nt) from the 3" terminus of genomic RNA-2 and -3 (Ahlquist et al., 1984) , and a 3' polylinker BamHI site, as described by Dreher et al. (1989) . A small deletion in the region of the translation initiation codon (nt 104) was made by linearizing pT7B2 at the BstBI site (nt 109) and Bal 31 nuclease digestion for 10 s. Recircularization produced construct pT7B2 A9@BstBI, from which RNA-2 A9 was transcribed. This construct has a deletion of 9 nt (nt 105 to 113) which includes the initiation codon. Transfer of this deletion to pT7B2 AEcoRV/StuI produced pT7B2 AEcoRV/StuI-A9@BstBI, which yielded transcript pRNA-2 E/SA9. Capped, infectious RNAs were transcribed with T7 RNA polymerase as described by Dreher et al. (1989) from plasmids linearized with BamHI. Transcripts were separated from the DNA template by precipitation with 2.6 M-LiCI .
Protoplast isolation and inoculation. Barley (Hordeum vulgare cv. Dickson) protoplasts were isolated (Loesch-Fries & Hall, 1980) and inoculated with capped viral RNA transcripts (2 gg of each, unless otherwise specified). Following transfection, protoplasts were incubated at room temperature under fluorescent lighting for 24 h. RNA was extracted with SDS and phenol/chloroform, followed by precipitation with ethanol (Loesch-Fries & Hall, 1980) .
Analysis of progeny viral RNA.
Replication of viral RNAs in protoplasts was analysed by electrophoretic separation on 1 ~ agarose and Northern blotting as described by Thomas (1980) and Dreher et al. (1989) . Specific positive-or negative-sense RNA probes were 32p. labelled to identical specific radioactivity by transcription from plasmid pT73TR, using either T3 or T7 RNA polymerase . This plasmid contains a cDNA insert corresponding to the tRNA-like structure (T-terminal 200 bp) which is conserved in all BMV RNAs. The use of these probes allowed the densitometric data to be readily converted to molar ratios and facilitated direct comparison of positive-and negative-strand progeny RNA levels. Data are representative of at least two independent experiments. Northern blots were autoradiographed with pre-flashed film (Laskey & Mills, 1977) and relative RNA levels were measured from appropriately exposed autoradiographs using a Bio-Rad model 620 video densitometer.
Results

Interference of pRNAs with the replication of genomic RNA-1 and-2
The expression of replicase components p la and p2a, encoded by BMV genomic RNA-1 and -2, allows these RNAs to replicate in the absence of RNA-3 (Kiberstis et al., 1981; French & Ahlquist, 1987; Rao & Hall, 1990) . Several mutants of RNA-2 containing internal deletions were screened for their ability to replicate in barley protoplasts cotransfected with equal amounts (2 gg each) of RNA-1 and -2. Of these, pRNA-2 M/S and pRNA-2 E/S ( Fig. 1) replicated at a level similar to that of RNA-1, although it was apparent that the presence of the pRNA constructs decreased the amount of parental genomic RNA-2 in the progeny ( Fig. 1 b) by 37% (pRNA-2 M/S) and 64% (pRNA-2 E/S) (both values are the average of four independent assays). From these data, it was evident that the pRNAs replicated at the expense of the helper virus, the interference being analogous to that observed for naturally occurring DI-RNAs.
During multiple passage in tissue culture cells, DIRNAs often replicate more than the helper virus, sometimes resulting in such high proportions of DI-RNA in the progeny that the helper virus is difficult to detect (Holland, 1990; K/ifiri~iinen et al., 1987) . The experiment shown in Fig. 2 (a) mimicked this effect, with higher proportions of supplied pRNA-2 E/S replicating to the extent that helper genomic RNA-1 and -2 (present at 2 gg each) were present at < 10% of wt levels with 7.5 gg pRNA-2 E/S and were undetectable with 10gg pRNA (lanes 5 and 6). Similar results were obtained when increasing amounts of pRNA-2 M/S were inoculated in the presence of a constant amount (1 gg each) of RNA-I and -2 (Fig. 2b) . For both pRNA-2 E/S and M/S, a maximum amount of progeny was obtained when the replication of the helper genomic RNAs was not severely debilitated (Fig. 2a, b , lanes 2). At low inoculum concentrations, pRNA appears to interfere most with the component from which it is derived (note the relative intensities of RNA-I and -2 in Fig. 2a , lanes 3 to 5, and b, lane 3).
Evidence that the interference observed was not due to decreased uptake of viral RNAs by protoplasts at the higher inoculum levels was provided by the lack of a significant decrease in BMV replication at inoculum levels exceeding 12 Ixg wt RNA-2 . Additionally, inocula containing yeast tRNA at similar molar levels to those of the pRNAs did not inhibit virus replication (data not shown). 
Effect of the 3"-terminal M4 deletion on pRNA interference properties
Interference with BMV replication by certain mutants with deletions of the 3' terminus of BMV RNA-2 in trans has been documented by . To determine whether the interference characteristics of M4 (Bujarski et al., 1985 (Bujarski et al., , 1986 , one of these mutations which exhibits approximately twice the replicase template activity of the wt sequence in vitro, but only about 50~o of that activity in vivo, were additive or synergistic to the pRNA effect, it was transferred to pRNA-2 M/S (see Methods) to yield M4 pRNA-2 M/S. The double mutant, M4 pRNA-2 M/S, was found to be deficient relative to the parental pRNA in vivo in both its replication and interference properties (Fig. 2c) . Whereas pRNA-2 M/S progeny were readily visible at the 0-25 l-tg inoculum level (Fig. 2b, lane 1) , higher levels of inoculum were required to obtain progeny from the M4 derivative (Fig. 2c, lane  2 ). An inoculum containing a threefold greater amount of M4 pRNA-2 M/S than that of the parental pRNA-2 M/S was needed to obtain maximal levels of replication (compare lane 2 of Fig. 2b with lane 4 of Fig. 2c ). Although 3-75 ~tg of pRNA-2 M/S completely eliminated the replication of genomic RNA-1 and -2, these RNAs were still visible in the presence of a similar level of M4 pRNA-2 M/S (compare lanes 4 of Fig. 2b and c) . Thus, the results shown in Fig. 2 (c) also indicate that the interference properties of the pRNAs depend on their replicative ability. Inokuchi & Hirashima (1987) have reported that defective viral replicases can interfere with replication of the positive-strand RNA phage, Qfl. Sequence comparisons indicate that p2a contains the core of BMV replicase (Kamer & Argos, 1984) , and Rao & Hall (1990) have established that replication of RNA-1 and -3 can be supported by very small amounts of p2a expressed from replication-deficient mutants of RNA-2. Since the protein encoded by pRNA-2 E/S lacks 354 C-terminal amino acids of p2a (and that of pRNA-2 M/S 274 amino acids), its ability to cause interference might derive from expression of a defective replicase. To examine this possibility, RNA-2 and pRNA-2 E/S sequences possessing a nine-base deletion (A9®BstBI) which included the translational initiation codon were constructed. No BMV replication was observed when RNA-2 A9 was substituted for wt RNA-2 (data not shown), showing that p2a expression had been eliminated. Although the interference properties of the parental pRNA were retained by pRNA-2 E/SA9 when co-inoculated with wt RNA-1 and -2 (Fig. 3, lanes 2 and 3) , the preferential interference with genomic RNA-2 was diminished. This established that the replication of pRNA directly interferes with that of viral genomic RNAs, and that interference does not result indirectly from the presence of a defective replicase.
Effect of deleting the initiation codon of the p2a cistron on interference properties of pRNA-2 E/S
Interference by pRNA in the presence of genomic RNA-3
Genomic RNA-3 encodes both the putative transport protein and the viral coat protein. Consequently, it is required in planta for both systemic spread and local lesion formation. Although it is not required for replication of RNA-I and -2 in protoplasts, its presence markedly affects the ratio of positive-strand:negativestrand RNA accumulation (Marsh et al., 1991) . Whereas progeny ratios are approximately 100 : 1 in the presence ofwt RNA-3, they are close to 1 : 1 in its absence or in the presence of a mutant (ASGP RNA-3) lacking the subgenomic promoter core. Since it seemed possible that this ability of RNA-3 to enhance positive-strand RNA synthesis relative to negative-strand RNA synthesis might moderate the interference effect of pRNA-2 E/S, assays were carried out in the presence of wt RNA-3 or ASGP RNA-3. The results in Fig. 4 show effective interference in the presence of either of these RNAs, 2 ~tg and 8 ~tg of pRNA-2 E/S reducing the total accumulation of positive-strand RNA by 60~ and 93~o, respectively. This effect is especially notable because RNA-3 and -4 replicate efficiently, making up about 80~o of the total positive-strand RNA progeny in wt infections. It was also evident from these experiments that encapsidation does not alter the interference effect. At low (2 Ixg) inoculum levels of pRNA-2 E/S, a greater effect on the replication of RNA-2 than of RNA-1 was evident in the presence of ASGP RNA-3 ( Fig. 4a and b , lanes 2); this is similar to the effect seen in the presence of RNA-1 and -2, and the absence of RNA-3 ( Fig. 1 b) ; in contrast, the replication of RNA-1 and -2 was reduced by a similar degree when pRNA-2 E/S was added in the presence of wt RNA-3 ( Fig. 4c and d, lanes 2 ).
In the presence of ASGP RNA-3, although the molar positive-strand:negative-strand RNA ratio for each BMV genomic RNA was approximately 1:1, that for pRNA-2 E/S was about 5 : 1 (compare Fig. 4a and b) . A similar molar excess of positive-strand RNA progeny was obtained previously for pRNA-2 M/S (Pogue et al., 1990) . Additional pRNA-2 E/S in the inoculum increased the proportion of pRNA-2 to 40% of the total progeny RNA, but did not completely eliminate the replication of the other RNAs, as was observed with RNA°I and -2 in the absence of wt RNA-3. In contrast, in the presence of wt RNA-3, the positive-strand : negative-strand RNA ratio for pRNA-2 E/S progeny was high, as was seen for genomic RNA-1 and -2 (Fig. 4d) . Although effective (>93%; Fig. 4c ) interference was maintained in the presence of wt RNA-3, pRNA-2 E/S was no longer preferentially amplified and represented only 6 % of the total progeny at all inoculum levels tested. This suggests that, as for the normal BMV RNA genome (Marsh et al., 1991) , replication of pRNA is modulated by genomic RNA-3. Whether interference functions preferentially at the level of negative-or positive-strand RNA synthesis could not be determined from these data. The band seen in Fig. 4(d) immediately above that of negative-strand RNA-1 is of host origin because it is also present in RNA from mock-infected protoplasts (see lane 5). This band resulted from slightly altered hybridization conditions and its intensity was unaffected by the presence of pRNA-2 E/S in the inoculum.
Discussion
Naturally occurring DI-RNAs appear to follow a general pattern of evolution. They originate as simple deletion mutants, and acquire further deletions and internal rearrangements, leading to the amplification of sequences advantageous to processes such as promotion of replication and encapsidation (Lehtovaara et al., 1982; K/i~iri/iinen et al., 1987) . Recombination with exogenous sequences (e.g. host RNA) has also been observed during DI-RNA evolution (Monroe & Schlesinger, 1983) . The pRNAs described here interfere with the accumulation of helper virus RNAs and thus appear to be functionally analogous to newly derived DI-RNAs. Our data also suggest that the elongation step in RNA synthesis favours shorter genomes because the truncated genomes of the pRNAs are produced in greater quantities than the longer helper virus RNAs. This supposition is supported by the higher positive-strand:negative-strand RNA ratio resulting from pRNA replication (5 : 1) compared with that of genomic RNA-1 and -2 (1 : 1) in the absence of wt RNA-3. This implies that negative-strand pRNA acts as a template for positive-strand RNA synthesis more frequently than their genomic counterparts. When pRNA replication is reduced, as in the case of M4 pRNA-2 M/S, the level of interference also decreases (compare Fig. 2 b and c) . This demonstrates that efficient pRNA replication is needed for effective interference. Although ASGP RNA-3, like the pRNAs, requires RNA-1 and -2 for its replication, it does not interfere with the replication of BMV RNAs and so a particular arrangement of sequence elements may be essential for the interference properties of artificial DI-RNAs. Indeed, the ability of low levels of pRNA-2 E/S preferentially to reduce the accumulation of parental RNA-2 is diminished when deletions are introduced into its 5' end (Fig. 3) .
Maximum pRNA replication does not occur at high inoculum levels, at which replication of genomic RNAs is completely eliminated (Fig. 2a, lane 6 , b, lane 5). This shows that replication of the pRNAs is limited by the availability of trans-acting factors supplied by the helper virus components. This ultimate dependence of replication and accumulation of the pRNAs on the helper virus suggests that interference reflects their competition for the same factors in the replication process. Jones et al. (1990) came to a similar conclusion for the naturally occurring DI-RNA from TBSV. When inoculated at a 1:1 molar ratio, TBSV DI-RNA reduces synthesis of genomic RNA by 65 %. Similarly, at a molar inoculum ratio of about 1.5 : 1, pRNA-2 E/S reduces genomic RNA accumulation by > 60% (Fig. 4c) in the presence of wt RNA-3. This comparison shows that interference by the artificially derived pRNAs is about as effective as that of naturally occurring DI-RNAs. Gerlach et al. (1987) and Harrison et al. (1987) have demonstrated that the expression of satellite RNAs in transgenic plants can confer resistance to virus infection. Several barriers prevent widespread use of satellite RNAs for induction of virus resistance. A major problem is the limited number of satellite RNAs associated with plant viruses. Additionally, concerns exist that naturally occurring satellite RNAs may mutate or spread to other plants, in which their presence may aggravate rather than ameliorate pathogenesis. The use of pRNA appears to be feasible for many viruses, their replication often depending only on the presence of 5' and 3' sequences from the pathogenic RNA. The range of pathogens affected by pRNA expression will probably reflect the commonality of the factor(s) with which the pRNA sequence interacts. The artificially constructed pRNAs are unlikely to be efficiently encapsidated, reducing the likelihood of transmission from the resistant plant or assimilation of pathogenic properties.
Naturally occurring DI-RNAs have proven useful for the definition of cis-acting sequences required in alphavirus replication (Levis et al., 1986) . Since plant virus DI-RNAs are rare, this approach has not been available previously for most plant viruses. However, pRNA-2 M/S was recently used to analyse BMV 5' sequences involved in positive-strand RNA promotion (Pogue et al., 1990) . Consequently, it is likely that artificially constructed pRNAs will find broad application in studies on replication and interference functions of plant and other virus RNAs.
Although we have yet to demonstrate that interference by pRNA is effective in plants, the 93~ reduction in the accumulation of BMV RNA in protoplasts (Fig. 4) provides evidence that these constructs may be powerful tools for preventing virus spread when expressed at high levels in transgenic plants. Since previous studies have shown that BMV is unable to establish a systemic infection when RNA-3 replication is reduced by 60~o , complete inhibition of virus replication may not be necessary to control virus infection.
